Die sel en gines ex haust ing gas eous emis sion and par tic u late mat ter have long been re garded as one of the ma jor air pol lu tion sources, par tic u larly in met ro pol i tan areas, and have been a source of se ri ous pub lic con cern for a long time. The choos ing var i ous in jec tion
In tro duc tion
The need for max i mum fuel econ omy and min i mum pol lu tion and noise in die sel engines re quires a de tailed in ves ti ga tion -both ex per i men tal and nu mer i cal -on the char ac ter istics of the fuel in jec tion sys tems [1] [2] [3] [4] , but much must be done to de velop very ac cu rate math emat i cal mod els to re duce the long and ex pen sive ex per i men tal test ing.
The pos si bil ity of de scrib ing pre cisely the in flu ence of the var i ous vol umes on in jec tion per mit ted the sim u la tion of new sys tems such as the com pact in jec tor-pump units [5] . The use of sim pli fy ing hy poth e ses (ne glect ing fric tion, as sum ing fluid ve loc ity and den sity con stant with pres sure) per mit ted a the ory of for mu la tion of the prop a ga tion in pipes based on small acous tic per tur ba tion. This is char ac ter ized by its sim plic ity and a sense of phys ics. Nev er the less, in the new sys tems the high pres sures (more than 100 MPa) con tra dict the hy poth e sis of a con stant sound ve loc ity and call at ten tion to phe nom ena like blow by losses in the gap be tween plunger and nee dle, pipe elas tic ity, and vari a tion of the flow char ac ter is tics with pres sure. Af ter wards, in ter est was di rected to the spray and the in ter re la tion be tween its char ac ter is tics and the geo met ric con fig -THERMAL SCIENCE: Vol. 13 (2009) , No. 3, pp. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] u ra tion of the sys tem [6] [7] [8] .The in flu ence of dif fer ent in jec tor ge om e tries was stud ied as well as the de tailed sim u la tion of the mov ing parts al low ing the cal cu la tion of the me chan i cal stress. Increas ing the num ber of noz zle holes in die sel en gines has the po ten tial to lower ni tric ox ides (NO x ) and CO 2 . In this man ner, the com bus tion pro cess is mod i fied so that more com bus tion oc curs under lean mix ture con di tions which then lead to lower lo cal com bus tion tem per a ture. The ab sence of lo cally high tem per a tures and a rich fuel air mix ture dur ing com bus tion pro cess makes si mul taneous re duc tions of the NO x and CO 2 . As com bus tion takes place through out the bulk of the lean mix ture, NO x and par tic u late mater (PM) emis sions are much lower than those from con ven tional die sel com bus tion with dif fu sive com bus tion. The high emis sions of soot are de lay ing the concept. The ef fec tive prep a ra tion of a ho mo ge neous lean mix ture with out the for ma tion of a par tially rich mix ture and the elim i na tion of fuel de po si tion on the pis ton crown and com bus tion cham ber wall are pos si ble so lu tions that will al low the achieve ment of a high ther mal ef fi ciency and a reduc tion of the ex haust emis sions. There are in creases in the soot emis sions which cause an increase in fuel con sump tion. Sev eral mod i fi ca tions of the in jec tor de sign in clud ing changes in the noz zle di am e ter, an in crease in the num ber of noz zle holes, and a nar row ing of the spray cone angle are com monly used to re duce the fuel wet ting on the pis ton head sur face and cyl in der wall. There fore, an in jec tion with more holes strat egy in di rect in jec tion (DI) die sel en gine was suggested in this work. In jec tors with more holes are ap plied to form a ho mo ge neous fuel mix ture prior to ig ni tion. The aim of this study was to in ves ti gate the ef fect of in jec tors with more holes on the ex haust emis sions of a DI die sel en gine.
Model for mu la tion
Es pe cially in die sel en gines there is a strong in ter ac tion of mix ture for ma tion and combus tion since both pro cesses oc cur si mul ta neously. The most im por tant phe nom ena are the liquid core at om iza tion, the col li sion and sec ond ary break-up of fuel drop lets, their mo men tum, en ergy and mass ex change with the gas phase, and the drop let-wall-in ter ac tion. Si mul ta neously, nu mer ous com plex chem i cal re ac tions oc cur, which ini ti ate the auto ig ni tion, the burn out of the pre mixed phase and the sub se quent tur bu lent non-pre mixed com bus tion. It is a de mand ing task for the nu mer i cal sim u la tion tools to ad e quately de scribe all the above phe nom ena, which are phys i cally di vers, but strongly in ter ac tive. The nu mer i cal sim u la tion of flow and mix ture for mation is based on an Eulerian de scrip tion of the gas-phase and on a Lagrangian de scrip tion of the drop let-phase. The in ter ac tion be tween both phases is de scribed by source terms for the mo mentum, heat and mass ex change. This meth od ol ogy has widely been used for spray mod el ing and is also im ple mented in the com pu ta tional fluid dy nam ics (CFD) code FIRE [9] . The tur bu lent gas flow is de scribed by a nu mer i cal so lu tion of the com plete en sem ble av er aged equa tions of the con ser va tion of mass, mo men tum, en ergy, and spe cies mass frac tion in an un struc tured nu mer ical mesh. Tur bu lence is mod eled us ing a stan dard k-e model.
Spray submodels
Spray sim u la tions in volve multi-phase flow phe nom ena and as such re quire the numer i cal so lu tion of con ser va tion equa tions for the gas and the liq uid phase si mul ta neously. With re spect to the liq uid phase, prac ti cally all spray cal cu la tions in the en gi neer ing en vi ron ment today are based on a sta tis ti cal method re ferred to as the dis crete drop let method (DDM) [10] . This op er ates by solv ing or di nary dif fer en tial equa tions for the tra jec tory, mo men tum, heat and mass trans fer of sin gle drop lets, each be ing a mem ber of a group of iden ti cal non-in ter act ing drop lets termed a par cel. Thus one mem ber of the group rep re sents the be hav ior of the com plete par cel.
Drop let par cels are in tro duced in the flow do main with ini tial con di tions of po si tion, size, ve loc ity, tem per a ture, and num ber of par ti cles in the par cel. In tro duc tion of drop lets is emerg ing from a noz zle as a spray and en ter ing the flow do main through the in let ar eas as a gas/liq uid mix ture. The at om iza tion pro cess of sprays is ac counted for with dis tinc tive submodels.The drop let-gas mo men tum ex change, tur bu lent dis per sion, evap o ra tion of drop lets, sec ond ary break-up, drop let col li sion, and drop let-wall in ter ac tion are cov ered with a com prehen sive set of mod els. The va por of evap o rat ing drop lets is used as a source term of an ad ditional trans port equa tion for the va por void frac tion in Eulerian for mu la tion.
The drop lets are tracked in a Lagrangian way through the com pu ta tional grid used for solv ing the gas phase par tial dif fer en tial equa tions. Full two-way cou pling (in ter ac tion) between the gas and liq uid phases is taken into ac count. In sit u a tions of neg li gi ble in flu ence of the dis persed phase on the con tin u ous one, the gas phase flow can be sim u lated in ad vance and the drop let sim u la tion can be per formed af ter wards.
Ba sic equa tions
The dif fer en tial equa tions for the tra jec tory and ve loc ity of a par ti cle par cel are as follows.
Mo men tum
where F idr is the drag force, given by:
where D p is the drag func tion, de fined as:
where C D is the drag co ef fi cient which gen er ally is a func tion of the drop let Reynolds num ber Re d and A d is the cross-sec tional area of the par ti cle. From the var i ous for mu la tions in lit er a ture for the drag co ef fi cient of a sin gle sphere, we used the fol low ing for mu la tion from [11] :
and
The par ti cle Reynolds num ber is shown in the fol low ing equa tion where m g is the domain fluid vis cos ity:
In sert ing above force and re la tions into eq. (1) and di vid ing it by the par ti cle mass the equa tion for the par ti cle ac cel er a tion as used by default is:
which can be in te grated to get the par ti cle ve loc ity and from this the in stan ta neous par ti cle po sition vec tor can be de ter mined by in te grat ing:
Break-up model
Hear the break-up model is wave stan dard. The growth of an ini tial per tur ba tion on a liq uid sur face is linked to its wave length and to other phys i cal and dy namic pa ram e ters of the injected fuel and the do main fluid [12] .
There are two break-up re gimes, one for high ve loc i ties and one for low ve loc ity Rayleigh type break-up. For the first case the size of the prod uct drop lets is set equal to the wavelength of the fast est grow ing or most prob a ble un sta ble sur face wave. Ray leigh type break-up pro duces drop lets that are larger than the orig i nal par ent drops. This re gime is not im por tant for high pres sure injection systems.
Tur bu lence dis per sion
As par ti cles pass through the flow it is as sumed that they in ter act with the in di vid ual tur bu lent ed dies. Each in ter ac tion de flects the par ti cle as dic tated by the in stan ta neous ve loc ity of the tur bu lent eddy and the par ti cle in er tia. These ad di tional tur bu lence ef fects on the spray par ti cles can not be re solved by the flow field in de tail so a tur bu lent dis per sion model is used. The par ti cle tra jec tory is de ter mined sim i lar to a ran dom walk com pu ta tion un til the par ti cle passes out of the re gion un der con sid er ation. The in stan ta neous gas ve loc ity within a tur bu lent eddy is ob tained from the mean do main fluid ve loc ity u ig and the tur bu lence ki netic en ergy k. Both are known from the so lu tion of the gas phase equa tions. The in ter ac tion time of a par ti cle with the in di vid ual ed dies is es ti mated from two cri te ria, the tur bu lent eddy life time and the time re quired for a par ti cle to cross the eddy.
In the sto chas tic dis per sion method em ployed by Gosman et al, [13] , the ef fects of tur bu lence on the spray par ti cles are mod eled by add ing a fluc tu at ing ve loc ity ¢ u i to the mean gas ve loc ity u ig . As sum ing iso tro pic tur bu lence the com po nents of the par ti cle fluc tu at ing ve loc ity is de ter mined ran domly from a Gaussi an dis tri bu tion with stan dard de vi a tion s = = (2k/3) 1/2 where k is the tur bu lence ki netic en ergy of the gas at the par ti cle lo ca tion:
where Rn i is a ran dom num ber in the range from [0 < Rn i < 1] for each vec tor com po nent and erf -1 is the in verse Gauss func tion. The fluc tu a tion ve loc ity ¢ u i is cho sen as a piecewise con stant func tion of time and is up dated when the tur bu lence cor re la tion time t turb has passed. The tur bu lence cor re la tion time t turb is the min i mum of the eddy break-up time and the time for the par ti cle to tra verse an eddy, and is given by:
where C t = 1.0 and C 1 = 0.16432 are model con stants. The case that the com pu ta tional time step dt is larger than the tur bu lence cor re la tion time t turb the spray in te gra tion time step is re duced to t turb .
Emis sion submodels

NO for ma tion
At pres ent, a global chem is try model [14] to gether with an a pri ori as sumed tem per ature PDF (prob a bil ity den sity func tion) is avail able for the eval u a tion of the mean re ac tion rate of ni tric ox ide for ma tion. Com plex ki netic mech a nisms are ap pli ca ble only for sim ple flame com pu ta tions (e. g. one-di men sional, lam i nar, etc.). For real tur bu lent flame cal cu la tions, their use is im prac ti cal due to the com plex ity of the in ter act ing pro cesses (tur bu lence, ra di a tion, heat trans fer, etc.) which must be con sid ered to ob tain re al is tic re sults. There fore, sim pli fied approaches must be used for com plex ap pli ca tions, whereby es sen tial in for ma tion is not lost due to the re duc tion pro ce dure [15, 16] . A model de rived by sys tem atic re duc tion of multi-step chemis try is used for the eval u a tion of the ni tric ox ide for ma tion. This re duc tion is based on the partial equi lib rium as sump tion of the con sid ered el e men tary re ac tions us ing the ex tended Zeldovich mech a nism de scrib ing the ther mal ni trous ox ide for ma tion.
Zeldovich model
In gen eral, the ni tric ox ide (NO) for ma tion stems from three prin ci pal sources: -thermal NO which is formed due to the dissociation of the molecular air-nitrogen [17] [18] [19] , -prompt NO (Fenimore NO) formed by the "attack" of hydrocarbon fragments on the air-nitrogen [17], and -NO formed from nitrogen containing components in the fuel.
Fuel-NO for ma tion can be ne glected dur ing the com bus tion pro cess in in ter nal combus tion en gines. Prompt NO for ma tion can also be ne glected since this pro cess plays no dom inant role in com par i son to the ther mal NO for ma tion (less than 5% of is pro duced via this path) [19, 20] . NO is formed in both the flame front and post-flame gases. In en gines, the cyl in der pres sure rises dur ing the com bus tion pro cess, so ear lier burnt gases are com pressed to a higher tem per a ture level as they have im me di ately af ter their com bus tion. Hence, the ther mal NO forma tion in the burnt gases al ways dom i nates in com par i son to the NO formed in the flame front and rep re sents the main source of the ni tric ox ide in en gines whose re ac tion paths are ef fec tive at high tem per a tures (more than 1600 K). The re ac tion mech a nism can be expressed in terms of the extended Zeldovich mechanism:
The first re ac tion rep re sents the rate lim it ing step in com par i son to the other re ac tions. A very high ac ti va tion en ergy (or tem per a ture) is nec es sary to de com pose the sta ble tri ple-bond of the mo lec u lar air-ni tro gen. Ac cord ingly, this re ac tion is sig nif i cantly fast at high tem per atures. In prin ci pal, it can be seen that the ther mal NO for ma tion is mainly de ter mined by only five chem i cal spe cies (O, H, OH, N, and O 2 ) but not by the fuel be ing used. In or der to ob tain the re quired con cen tra tions of the rad i cals, a com plex re ac tion mech a nism must be used in or der to de ter mine NO con cen tra tion. In the lit er a ture dif fer ent pos si bil i ties are sug gested to rep re sent the rate law for NO [21, 22] .
An ir re vers ible sin gle-step re ac tion mech a nism is used for the con ver sion of fuel, involv ing only sta ble mol e cules such as C n H m (as fuel), O 2 , CO 2 , H 2 O, and N 2 . Hence, an approach is im ple mented based on these sta ble mol e cules in or der to pre dict ther mal NO. The max i mum of NO ap pears at an equiv a lence ra tio of about 0.9, i. e. slightly fuel-lean. In most stoichiometric and fuel-lean flames, the oc cur ring OH con cen tra tion is very small. Us ing this fact, the third re ac tion of the Zeldovich mech a nism can be ne glected. In ad di tion, the char ac teris tic times [22] for the for ma tion of ther mal NO is sev eral or ders of mag ni tude slower than those char ac ter is tic times of the com bus tion pro cess. Hence, the com bus tion and the NO for ma tion pro cesses can be as sumed to be de coup led and there fore, the con cen tra tions of O 2 , N, O, OH, and H can be ap prox i mated by an equi lib rium as sump tion. If the as sump tion is made that the ther mal NO for ma tion starts at con sid er ably high tem per a tures (due to the de com po si tion of the sta ble tri ple-bond of N 2 ) a par tial equi lib rium of the first two re ac tions can be as sumed. An analy sis of ex per i ments and sim u la tions in di cates that at high tem per a tures (T > 1600 K) the re ac tion rates of the for ward and re verse re ac tions are equal.
The state of the con sid ered re ac tion is said to be in par tial equi lib rium where the re action cou ples are in equi lib rium. Us ing these as sump tions, the con cen tra tions of rad i cals can be ex pressed in terms of the con cen tra tions of sta ble mol e cules (since they are eas ier to mea sure). These are pres ent in much larger con cen tra tions than the rad i cals. The as sump tion of par tial equi lib rium pro vides sat is fac tory re sults only at con sid er ably high tem per a tures, since at temper a tures less than 1600 K a partial equilibrium is not established.
For the for ma tion of ther mal NO, the par tial equi lib rium ap proach can be used and so the equi lib rium of the first two re ac tions can be ex pressed as fol lows by:
Us ing these ex pres sions, the equa tion sys tem can be solved and re sults in a global reac tion ap proach for the ther mal NO for ma tion which can be ex pressed as:
with k f = k 1 k 3 as the for ward and k b = k 2 k 4 as re verse re ac tion rate. The chem i cal spe cies ap pearing in this global re ac tion is also used in the given sin gle-step fuel con ver sion equa tion. Hence, the source term in the con ser va tion equa tion for NO is ob tained via:
where only the for ma tion (there fore, only the for ward re ac tion) is con sid ered. The re ac tion rate of the for ward re ac tion is given as:
where A is the pre-ex po nen tial fac tor and E is the ac ti va tion en ergy.
Soot emis sions
Un der high tem per a ture and fuel rich con di tions, as typ i cally found in die sel com bustion, hy dro car bon fu els ex hibit a strong ten dency to form car bo na ceous par ti cles -soot. Usually, un der en gine run ning con di tions, most of the soot formed in the early stages of the com bus -tion pro cess is de pleted due to ox i da tion. This takes place in ox y gen rich ar eas of the com bus tion cham ber later in the en gine cy cle. In die sel en gines, it is the amount and com pleteness of the soot ox i da tion pro cess that ac tu ally de ter mines the en gine par ti cle emis sion char acter is tics. The for ma tion of particulates in volves a large num ber of dif fer ent chem i cal and phys ical pro cesses, like the for ma tion and growth of large ar o matic hy dro car bons, their sub se quent con ver sion to par ti cles, the co ag u la tion of pri mary par ti cles, and the growth of solid soot par ticles due to the ac cu mu la tion of gas eous com po nents [23, 24] . Soot par ti cle for ma tion pro cess is char ac ter ized by a gaseous-solid conversion, whereby the solid phase does not exhibit a uniform chemical and physical topology.
It is ev i dent that the for ma tion of soot, i. e. the con ser va tion of hy dro car bon rich, aliphatic com pounds in volv ing only a rel a tively small num ber of car bon at oms into an ag glomer ate com pris ing mil lions of them, is the re sult of a highly com plex chem i cal pro cess in volv ing hun dreds of re ac tions and as many in ter me di ate and rad i cal spe cies. Par ti cle ox i da tion mainly oc curs due to the at tack of atomic ox y gen onto the car bo na ceous par ti cles un der high tem per ature con di tions. In spite of the great com plex ity of the un der ly ing pro cesses, the in di vid ual re actions con trib ut ing to the soot for ma tion and ox i da tion rates can be re lated to known flame param e ters, such as fuel mass frac tion, par tial pres sure of ox y gen, flame tem per a ture and/or tur bu lent mix ing in ten sity. Un der ideal con di tions, the com bus tion of hy dro car bon fu els forms CO 2 and H 2 O. The nec es sary amount of ox y gen is the stoichiometric ox y gen re quire ment O 2 st cal cu lated from the fol low ing equa tion:
So for ideal combusting of 1 mole C n H m , (n + m/4) moles O 2 is re quired. This ideal amount of ox y gen is called O 2 st .
The real amount of ox y gen, avail able for the com bus tion, is ex pressed by the air ac cess ra tio l = O 2 /O 2 st or by the equiv a lence ra tio:
For con di tions at equiv a lence ra tios j > 1, there is a big po ten tial for soot for ma tion. There are four ma jor pro cesses in soot for ma tion: nu cle ation, co ag u la tion, sur face growth, and ox i da tion [23, 24] . Stag na tion of pre mixed flames shows that the fuel mol e cules are split into rad i cals, mainly acet y lene. Sub se quently this 2-D rad i cal grows by chem i cal re ac tions, H ab strac tion, and acet y lene ad di tion. This pro cess forms large ar o matic rings out of aliphatic spe cies. In fur ther steps the mol e cules be come 3-D and form car bo na ceous par ti cles by co ag u lation. Through gas eous-solid con ver sion, the soot par ti cles grow af ter wards (sur face growth). A sim i lar pro cess is run ning in dif fu sion flames, but highly in flu enced by the inhomogeneous mixture and tur bu lent mix ing. The most im por tant pa ram e ters dur ing the soot for ma tion are the local air/fuel ra tio (C/H ra tio and C/O ra tio), tem per a ture, pres sure, and res i dence time.
The com bus tion cham ber spec i fi ca tions
A heavy duty die sel en gine com bus tion cham ber with the bowl shape of fig. 1 is modeled.
The en gine re lated spec i fi ca tion has been pre sented in tab. 1.
The spec i fi ca tions of the spray have been sum ma rized in tab. 2. Fig ure 2 shows the 60°-sec tor com pu ta tional mesh in 3-D.
Since a 6-hole noz zle is used, only a 60° sec tor has been mod eled. The cur rent grid con tains 15130 cells and an ad di tional grid with 24089 has been cre ated in or der to per form a sen si tiv ity anal y sis of the grid res o lu tion on com bus tion and emis sions for ma tion. Av er age cyl in der pres sure, tem per ature, NO x , and soot for ma tion rate predic tions were com pared be tween the 2 grid res o lu tions. In fig. 3 the cyl in der pres sure com par i son is shown and the pre dic tions are al most iden ti cal for all tow cases. Sim i lar re sults are ob tained for the av er age cyl in der tem per a ture. The NO x and soot emis sions, at the end ex haust valve open ing (EVO) were also com pared. There fore, the coarse grid con tain ing 15130 cells will be used in this work for anal y sis of mix ture and emis sions for ma tion.
Model va lid ity
Be cause the tar get en gine is new gen er a tion en gine and it is un der devel op ment, we used an other heavy duty die sel en gine that named Cat erpil lar 3406 which is tested in [25] .The spec i fi ca tion of ex per i men tal die sel en gine is listed in tab. 3. Fig ures 4 and 5 shows the dif fer ences be tween exper i men tal and nu mer i cal re sults of in-cyl in der pres sure and heat re lease.
These re sults show good agreement be tween ex per i men tal and model ing case and it is not a wrong that this model can be pre dict the en gine per for mance and emis sion near real con di tions. 
Re sults and dis cus sions
There are three in jec tion strat e gies; in jec tion with an gles of 72.5, 70, and 67.5 de gree, re spec tively. See fig. 6 . Fig ure 7 in di cates the rate of heat re lease against var i ous de grees of crank an gle. A few degree of crank an gle af ter be gin ning of the in jec tion, an in crease in heat re leases is ap peared suddenly. This is be cause of pre mixture of high amount of fuel with air. Af ter this sud den in crease to about 105 J/deg, the rate of heat re lease is con fined be tween 70 to 110 J/deg. As shown in figs. 8 and 9 large in jection an gle leads to the in crease of air entrain ment into the fuel spray be cause of the lon ger spray path be fore im ping ing pis ton bowl. There fore, the cyl in der pres sure and tem per a ture are high est in the case of in jec tion an gle 72.5 deg.
Fig ure 10 shows the pro duced NO in com bus tion cham ber. The re sults indi cate that by in creas ing the in jec tion an gle, the NO in creases. This phe nomena is jus ti fied by ob serv ing fig. 9 . In that fig ure by in creas ing the in ject ing an gle the tem per a ture of the com bustion cham ber in crease, so the rate of pro duc ing NO in creases. By in creas ing in jec tion an gle the post flame re gion in creases. As NO is pro duced in post flame re gion so, the prob a bil ity produc tion in creases in the case of in jection an gle with higher de gree.
By de creas ing in jec tion an gle soot for ma tion in creases be cause the cone flame is near wall and ex po sure to lower tem per a ture. Al though be cause of high ox i da tion the soot dis ap pear near 400 deg for all three cases, fig. 11 .
Con clu sions
In the pres ent study the die sel combus tion has been sim u lated and the effect of the in jec tion an gle on DI die sel en gine com bus tion and emis sion forma tion was in ves ti gated. Re sults were val i dated and com pared with avail able ex per i men tal data for Cat er pil lar DI die sel en gine for mean cyl in der pressure, rate of heat re lease, and ex haust emis sion. A good agree ment be tween the pre dicted and ex per i men tal val ues en sures the ac cu racy of the nu mer i cal pre dic tions col lected with the pres ent work.
Op ti mum fuel con sump tion and pol lut ant de crease in in ter nal com bustion en gine are two sub stan tial pa rame ters. Op ti mi za tion pro ce dures are used for de creas ing the pro duc tion expenses in stead of post-treat ment methods. In jec tion an gle is one of the param e ters which ef fect on com bus tion and pro duc ing pol lu tion. In this study three ge om e tries are cho sen base on pre vi ous ex per i men tal re sults.
Ac cord ing to the in di cated re sult in ta ble 4, pres sure and tem per a ture raised to 186 bar and 1761 K, re spec tively, in 72.5 de gree of in jec tion an gle. Lower soot and higher show the better com bus tion in this in jec tion an gle. This means that in jec tion an gle must be well matched to the combustion chamber. 
